There are many HMI inside the cabin on production automobiles, such as meters, indictors and navigation system with audio assist. There are also many reports on haptic devices, which were tested with modified production automobiles or a simulator such as a haptic gas pedal to make deceleration based on a large motorcycle equipped with the haptic throttle grip that is connected to a motor by gear, an original ECU to control the motor, and a lean angle sensor to calculate the lateral force of the motorcycle was developed. To inform surplus driving force warning, the throttle grip, a haptic display outputs additional return torque estimated by the friction circle and ellipse with the lateral force of the motorcycle. One of the purposes of this torque is that it informs the rider to decelerate when the motorcycle state of movement is around the limit of tire grip, and another purpose is that it leads to return the throttle grip to decelerate. For both purposes, the intuitive signal which adds return torque was selected to avoid misunderstanding. As the result of riding tests, all of the riders were able to recognize the signal and understood the request from the motorcycle. It became clear that this system was able to offer the information of surplus driving force warning, and to support the throttle grip operation.
INTRODUCTION
as a haptic display, letting the throttle grip output only intuitive information to avoid misunderstanding.
To use an intuitive signal is important for perception and usability from HMI point of view [9] . In addition, it became more difficult for the riders to operate the throttle grip of large displacement motorcycles like super sport models, due to increasing of engine torque year by year with technology innovation. To improve throttle grip controllability around the limit of tire grip, it is necessary to add some of function.
In order to satisfy two purposes mentioned previously, the haptic throttle grip equipped with a motor which is connected by the gear was developed; it is able to add the return torque to communicate between the rider and the motorcycle, and to improve the throttle grip controllability. In this paper, the detail of the haptic system on the motorcycle and its riding test results are reported. Figure 1 shows the haptic throttle grip which is used in this research. It consists of a throttle grip with a return spring to close itself, a gear, a one-way clutch, and a motor. This throttle grip is connected to the motor by the gear and the one-way clutch, it can output haptic signals to the rider by controlling the motor.
Haptic Throttle Grip
The one-way clutch is set between the motor and the gear, and the motor can only add torque to closing direction of the throttle grip for a safety reason.
Therefore, even if the motor is locked due to breakdown, the rider can close the throttle grip to decelerate.
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Test Vehicle
The haptic system is constructed with the haptic throttle grip, an original sensor to calculate the lean angle of the motorcycle, and an original ECU to control the motor of the haptic throttle grip. Figure 2 shows our company's large displacement motorcycle (equipped with the system), and the location of its components parts.
In addition to these parts, a permission switch and a mode switch are equipped. The permission switch allows the rider to activate or deactivate the control, and the 
Friction Circle & Ellipse
One of the purposes of this system is to inform the rider to decelerate when surplus engine torque is at the edge of tire grip. The theory of friction circle is used to estimate the surplus engine torque. Figure 3 shows the image of friction circle, ellipse, and the forces on the driving wheel.
As a premise, if the total force on the driving wheel does not exceed the friction circle, the wheel will not lose the tire grip. There are two forces on the driving wheel; lateral force and driving force. The lateral force is calculated from the acceleration which is created by turning movement of the motorcycle, the limiting friction force is calculated with the lateral force and the friction circle, and the limiting driving force is calculated as a longitudinal component of the limiting friction force.
In the software of this system, all data are calculated based on the engine torque, since the additional return torque is estimated from the quantity of the difference of the limiting engine torque and the current engine torque. For this, first the current engine torque must be calculated from the engine speed and throttle valve position, and the limiting engine torque must be calculated from the limiting driving force and the reduction gear ratio each gear positions. If the difference becomes small, it means that the total of friction forces on the driving wheel is becoming close to the friction circle. In this condition, there is a possibility of slipping down with losing the tire grip. Therefore, it informs the rider to decelerate by increasing the return torque of the haptic throttle grip.
In different research of our company shows the friction circle of a same test motorcycle is estimated that the longitudinal axis is about 8% bigger than the lateral axis.
From this, the haptic system control is made with the friction ellipse of dashed line in addition to the friction circle in figure 3 . 
Based Torque Control
The total voltage of Vemf and V I is added to reverse direction in which they are generated by the motor.
As the result, it can neutralize the negative influences, and the haptic throttle grip can offer natural feeling equivalent to a production motorcycle.
Additional Torque Control
Proportional Control Figure 4 shows the relation between the additional return torque of the proportional control and the difference between the limiting engine torque and the current engine torque. The difference of the limiting engine torque is estimated from the friction circle or ellipse minus the current engine torque which is indicated in the solid line, the additional return torque is proportional to the difference which is indicated in dashed line. If the difference comes bigger than the margin or when the current engine torque is negative, the system outputs no additional return torque on the throttle grip. In this situation, there is no wheel spin coming from the acceleration, and therefore, it is not necessary to inform any caution. If the difference comes smaller than the margin and when the current engine torque is plus, the system adds some return torque on the throttle grip to inform only the surplus engine torque. The point where the margin is same as the difference is the control starting point, the torque is estimated from there with the proportional coefficient: a/margin. The limit of return torque is provided to prevent harder throttle grip operation for the rider. This strategy is presented in (4) . figure 4 and also when the current engine torque is plus. This additional return torque is proportional to the accelerator speed. When the speed is positive, the torque is estimated to multiply it by a constant coefficient. If the speed is smaller than 0, the torque is reduced to 0 with a time constant. The purpose of this strategy is to make the rider perceive acceleration operation of the throttle grip around the limit of tire grip, and is not to perceive keeping or deceleration operation.
Even if the rider operates the throttle grip intermittently, like repeating opening and keeping, the rider can perceive the return torque on every opening operation with this strategy. Furthermore, the PD control which is the total of the proportional control and the differential control is made to let the rider perceive the torque in every situation.
These controls are tested with the test vehicle, and its results are shown in the next section.
RIDING TESTS
All of the following riding tests had been held in closed circuits and the riding tests were done by the engineers for developing the strategy. figure 7 shows the current engine torque comes over the limiting engine torque. with the big gain is less than the small gain in figure 7 which agrees with the comments.
Proportional Control Tests
Support Effects of the Haptic Throttle Grip by the Friction Circle on the Driving Wheel
From both data, the best gain value for the riders is set between small and big one. As the result of the balance between capability of transmitting the information and the controllability, the best one became 60cN*m/20N*m. Step 
Differential Control Tests
Support Effects of the Haptic Throttle Grip by the Friction Circle on the Driving Wheel
PD Control Tests Friction Circle
Both positive and weak points were found from the test results of two controls. The positive point was all of the riders were able to recognize the signal and understood the request from the motorcycle. The weak point on the proportional control is that, it is difficult to increase the gain for keeping operativity. And for the differential control, it is difficult to perceive the signals with slow acceleration. Therefore, the PD control was made to compensate these weak points which enabled both of the two controls to control at the same time. Moreover, the circles controlled by the system are wider to the lateral direction. This is because this system does not transmit any information when the rider keeps the throttle grip closed, and creates big lateral force over the friction circles during a turn, which results the system to output big additional return torque when the rider opens the throttle grip at the running state. From the results, the maximum additional return torque for the evaluation tests is a little higher than they want, and therefore, the maximum value is valid around 70cN*m, or needs adjustment of the gain settings for reducing the overall torque. Besides the questionnaire, there were it was got some comments from the riders. All of them were able to understand the purpose of this system, the gaps of the coefficient of friction between the mode switch were just proper, and they were able to perceive them, and use
Friction Ellipse
Support Effects of the Haptic Throttle Grip by the Friction Circle on the Driving Wheel
properly. Thus, it is possible to communicating with the system by force sense using intuitive information. But one of the rider commented that this system should not have the intervention on an operation system, and needs to improve to be more natural.
SUMMARY/CONCLUSIONS
Recently, there have been many reports about development of HMI which used a visual or auditory display to improve driver assist. A haptic display which has few disturbances was thought to suit for motorcycle even if it has less quantity of information than a visual or auditory one. The test vehicle, which has the haptic throttle grip as a haptic HMI and the logic which transmit the surplus engine torque information with friction circle was made, and the data was collected from the riding tests. The following states the conclusions.
This haptic system can transmit the limit of tire grip on the driving wheel or the surplus engine torque to the rider using a haptic signal of force sense. This system has an effect as a riding support system since this intuitive has better feeling for riders than with friction circle, and therefore, it is good to use friction ellipse for this system in the future.
Imaginary coefficients of friction decided by development engineers are used in this system, therefore, to estimate the real value is one of theme to be considered in the future. Some of riders had unnatural feelings which were made by the quantity and timing of the additional return torque. Adjustment of the gains of both controls to improve the system will also be considered. And last, improving the strategy of this system will be considered since this system cannot transmit any information when only the lateral force becomes big beyond the friction circle at acceleration. In spite of improvements to be considered, this system can transmit the information and support the rider.
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